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Innovation by homologous recombination
Devin L Trudeau, Matthew A Smith and Frances H Arnold

Swapping fragments among protein homologs can produce

chimeric proteins with a wide range of properties, including

properties not exhibited by the parents. Computational

methods that use information from structures and sequence

alignments have been used to design highly functional

chimeras and chimera libraries. Recombination has generated

proteins with diverse thermostability and mechanical stability,

enzyme substrate specificity, and optogenetic properties.

Linear regression, Gaussian processes, and support vector

machine learning have been used to model sequence-function

relationships and predict useful chimeras. These approaches

enable engineering of protein chimeras with desired functions,

as well as elucidation of the structural basis for these functions.
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Introduction
An important source of the genetic variation that

underlies evolution by natural selection is homologous

recombination, whereby new sequences are generated by

exchange of related segments of genes and genomes.

This occurs in diverse processes such as sex, horizontal

gene transfer, and V(D)J recombination in the immune

system. Researchers have long argued the benefits of

recombination (and why sex evolved), which include

increasing the fitness variation of a population and

enabling removal of deleterious alleles [1].

The costs and benefits of recombination have been

studied at the level of individual proteins, particularly

as a search strategy for directed evolution [2]. In a

pioneering 1998 study, Pim Stemmer and colleagues

showed that DNA shuffling (which generates new genetic

sequences by both random mutation and recombination)

of four cephalosporinases increased resistance to the

antibiotic moxalactam by �270 fold, almost two orders

of magnitude more than what was attained with random

mutagenesis alone [3]. Recombination has been used

since then in a large number of directed evolution efforts,

and many groups have contributed to an understanding of

how functional and structural properties of recombined,

or ‘chimeric’, proteins depend on factors such as the

number and sequence identity of the parents, choice

and number of recombination sites, and measures of

structural disruption.

In this review we expand on the topics covered in a

previous review from 2007 [4] and discuss important

new developments that address two key questions: First,

what functional variation can arise from recombining

proteins that share related or similar structures? Second,

what methods might facilitate creation of recombined

proteins with predictable properties?

Structural and sequence information
facilitates recombination
It is straightforward to recombine genes using DNA

shuffling and related methods, as long as there are suffi-

cient stretches of DNA sequence identity to promote

crossovers. The more divergent the parent sequences,

however, the more difficult it is for methods like DNA

shuffling just to generate crossovers. Furthermore, shuf-

fling more divergent sequences introduces more

mutations and more structural disruption in the protein,

with the consequence that many of the resulting chimeras

are non-functional. Juxtaposing elements from different

parent proteins can introduce steric clashes or disrupt

favorable interactions, resulting in chimeras that do not

fold or function. Nonetheless, homologous mutations

(mutations chosen from homologous sequences) are sig-

nificantly less disruptive than random mutations [5,6].

Judicious choice of recombination sites (crossover

locations) can mitigate mutation-induced disruption.

Minimizing structural disruption enriches the fraction

of folded and functional proteins in a given chimera

library [7,8]. A further advantage is that libraries with

fixed crossover locations can be constructed by any num-

ber of methods for assembling DNA fragments. Although

the sequence space is dramatically reduced when cross-

overs are fixed, the fitness landscape can be sampled and

searched quite efficiently using machine-learning

methods [9�,10,11].

The SCHEMA method for choosing crossover locations

to make a high-quality library of chimeric proteins uses a

simple metric to assess disruption. The SCHEMA dis-

ruption energy E is the sum of all broken contacts in a

chimera. Two amino acids are in contact if they are within
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a certain distance of one another (e.g. 4.5 Å) in the

structure. If a chimera inherits a contacting pair that is

not present in a parent sequence, that contact is said to be

broken. This assumes that new contacts are deleterious

far more often than they are beneficial. Chimeras are more

likely to fold and function if they have fewer broken

contacts and therefore a lower SCHEMA energy E.

Protein crossovers can be chosen to minimize a chimera

library’s average SCHEMA energy, given constraints on

other parameters such as the size of a recombined element

or the average desired mutation level. In recent years, this

laboratory has used SCHEMA recombination to make

cytochrome P450s [10], cellulases [12–15], and arginases

[16] having much higher levels of mutation (sometimes 100

mutations or more) than what is attainable using DNA

shuffling or random mutagenesis. The Silberg and Suh labs

have recently applied SCHEMA recombination to the

capsid protein of adeno-associated virus (AAV), creating

chimeras of AAV serotypes 2 and 4 with over 100 mutations

relative to each parent [17]. They found that chimeric AAV

structural integrity and infectivity were correlated with low

SCHEMA energies, suggesting that this metric can be

important for recombination of higher order molecular

assemblies like viruses.

Several laboratories have considered whether there might

be better metrics than counting broken contacts for pre-

dicting whether a given chimera will fold and function

and for designing libraries of shuffled proteins. For

example, Maranas and coworkers developed the Fam-

clash algorithm, which uses a multiple sequence align-

ment to predict amino acid interactions based on pair-

wise conservation of charge, volume, and hydrophobicity

[18]. Another scoring function from the same group, S2,

combines conservation of amino acid properties with a

SCHEMA-like contact metric [19]. Bailey-Kellogg and

coworkers generalized the structural contact idea to

multi-residue interactions using a weighted hypergraph

model [20]. Residues within 8 Å were defined as inter-

acting, and their interaction score was based on evolution-

ary conservation in a multiple sequence alignment. This

metric could predict functionality in a published beta-

lactamase chimera library. None of these proposed

metrics, however, have been tested in library design.

A chimera library should have a high fraction of functional

chimeras with high sequence diversity. Since there is a

trade-off between these properties, a good library design

optimizes this trade-off (i.e. the library is ‘Pareto

optimal’). Bailey-Kellogg and coworkers developed com-

putational algorithms to predict library functionality and

diversity and find the chimera libraries that are Pareto

optimal [21]. When tested on published purE family

proteins and beta-lactamase chimeras, this approach

was reported to give better library designs than simply

setting a minimum on fragment size.

Exploring the limits of homologous
recombination
Even with the crossovers chosen to minimize average

disruption, chimeras of highly divergent parents usually

have high levels of structural disruption because they

have high levels of mutation. Romero et al. [8] developed

a random field model parameterized with experimental

data from eight SCHEMA libraries to investigate how

parent sequence identity and number of crossovers affect

the fraction of chimeras that are expected to be folded and

functional. Parent sequence identity is the most import-

ant factor, but the number of crossovers also contributes

to disruption, with more crossovers leading to greater

disruption, on average. Choosing crossover locations to

minimize disruption can improve the library significantly.

Merely choosing contiguous sequence elements, how-

ever, also captures and retains many local contacts that

would be broken if homologous mutations were made

individually rather than taken in blocks from parent

proteins. Thus the conservative nature of recombination

comes from both the conservative nature of the individual

homologous mutations and conservation of their local

interactions in a sequence block.

To enable recombination of distant parent sequences,

one can relax the constraint that shuffled sequence

elements be contiguous in primary sequence and instead

shuffle elements that are contiguous in the three-dimen-

sional structure, thereby conserving even more local

interactions. Smith et al. [22�] recently described such a

‘non-contiguous recombination’ design method. With

each amino acid residue a node in a graph and SCHEMA

contacts the edges between these nodes, they could use

graph partitioning algorithms to find the optimal division

of amino acids into recombining blocks. They designed a

chimera that takes about half its barrel structure from a

fungal beta-glucosidase and half from a bacterial beta-

glucosidase that is only 41% identical. The resulting

chimera had 144 mutations relative to the closest parent

(out of 474 amino acids) and was folded and catalytically

active. (Although its activity was lower than that of the

parents, it was readily recovered by directed evolution.).

The X-ray crystal structure showed that blocks from each

parent retained their original, parental structures; in other

words the recombined protein was a true structural chi-

mera of the two parent proteins. Non-contiguous recom-

bination has also been tested on fungal cellobiohydrolase

I’s (Cel7a) [23], where 32 of 35 chimeras constructed by

total gene synthesis were active cellulases, despite having

an average of 83 mutations relative to the closest parent

(Figure 1).

Do protein parents really need to be homologous, that is,

evolutionarily related, or can proteins accommodate

structurally compatible swaps from parents whose overall

structures are different? Because homologous parents

generally exhibit much greater sequence identity and
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therefore less mutational disruption upon recombination,

we might expect structural similarity to be insufficient for

successful recombination, at least on average. Recent

experiments from the Höcker laboratory illustrate chi-

meras constructed by combining structurally similar

blocks taken from unrelated proteins. Noting that the

(ba)5-flavodoxin-like fold from bacterial response regu-

lator CheY is structurally similar to half of the (ba)8-barrel

fold from imidazole glycerol phosphate synthase (HisF),

Bharat et al. replaced this half of HisF with CheY [24�].
This resulted in a stable protein with a (ba)8-like fold

(save for an additional b strand inside the (ba)8-barrel)

and 81 mutations (out of 253) from the closest parent,

HisF (see Figure 2). Further engineering using Rosetta

design introduced five mutations at the interface between

the two pieces that allowed the extra b strand to be

removed, resulting in a more natural (ba)8-barrel fold

[25]. The HisF-CheY chimera could be engineered to

bind a phosphorylated substrate by targeted mutation at

two residues known to confer binding in the related HisA

protein. Half of the (ba)8-barrel from HisF could also be

recombined with the (ba)5-flavodoxin-like fold from

nitrite response regulator NarL to make a stable (ba)8-

barrel fold [26].

Zheng et al. created an algorithm to assist site-directed

swapping of a fragment from one protein into another,

with the only constraint being local sequence or structure

similarity, as measured by sequence identity or topolo-

gical similarity [27]. This approach to identifying swap-

pable elements of proteins whose overall folds are

different has not yet been tested experimentally.

Recombination promotes innovation
Recombination can generate libraries with a high fraction

of folded proteins and a high level of mutational diversity.

Experiments have shown that the chimeric proteins can

also exhibit a range of properties, including properties not

exhibited by any of the parents. Thus recombination is

both conservative and innovative. Here we cover three

properties that have been investigated in recent work:

stability, enzyme substrate spectrum, and optogenetic

properties of membrane rhodopsins.

Stability

Stability is one of the most important protein properties: it

is necessary for folding and function, promotes evolva-

bility by allowing new mutations that are required for

function but might be too destabilizing to accumulate,

904 Synthetic biology

Figure 1
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Recombination swaps sequence elements from related proteins to create novel chimeras whose properties can differ from the parents’. Parent

sequences can be chosen based on structure or sequence alignments, and crossover locations can be chosen to minimize structural and functional

disruption. The resulting chimeric proteins can contain dozens of mutations from their closest parents.
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and is important for almost any application. To create

highly stable fungal cellulases, Heinzelman and co-

workers used SCHEMA to recombine five class I cello-

biohydrolases (CBHI) from Talaromyces emersonii,
Chaetomium thermophilum, Thermoascus aurantiacus, Hypo-
crea jecorina, and Acremonium thermophilum [14]. They

cloned and expressed a sample set of 32 chimeras con-

sisting of single block substitions from homologous

enzymes into T. emersonii CBHI. As shown in Figure 3,

these sample chimeras exhibited significant variation in

thermostability, including higher and lower than the

parent enzymes. Heinzelman et al. then combined stabi-

lizing blocks to create chimeras that were both highly

thermostable and more active than the parent enzymes at

their respective optimum temperatures. SCHEMA

recombination was also used to make class II cellobiohy-

drolases [12] and family 48 cellulases [15] that were more

thermostable and more active than their respective

parents. Romero and Stone et al. [16] used SCHEMA

and Gaussian process machine learning tools [9�] (see

Modeling section, below) to create chimeras of human

Arginases I and II (61% sequence identity) with longer

half-lives at 378C, which is important for therapeutic

applications.

Another interesting property is mechanical stability,

important for proteins in tissue extracellular matrices,

spider silk, and other biomaterials. The Li lab explored

the structural basis of mechanical stability by recombin-

ing structural elements from two homologous immuno-

globulin domains (I27 and I32) from the muscle protein

titin [28,29]. Using atomic force microscopy to test the

mechanical stability of the different chimeras, the Li lab

correlated stability with specific sequence and structure

elements. Recombination has also been used by Billings

et al. and Lu et al. to explore mechanical stability of

immunoglobulin domains [30,31], and by Ng et al. to

explore mechanical stability of fibronectin type III

domains [32,33].

Enzyme substrate spectrum

Recombination can generate large and sometimes quite

unexpected changes in enzyme activity on non-native

substrates, including the ability to accept new substrates.

Clouthier et al. looked at the ability of three chimeras of

TEM-1 and PSE-4 beta-lactamases (43% identity) to

hydrolyze five different cephalosporins [34]. Although

the chimera activities on each substrate were usually

intermediate between the activities of the parent

Innovation by homologous recombination Trudeau, Smith and Arnold 905
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Recombination of structurally similar elements from unrelated proteins. Bharat et al. used the (ba)5-flavodoxin-like fold from bacterial response

regulator CheY (top left) to replace half of the (ba)8-barrel fold from imidazole glycerol phosphate synthase HisF (top right). This created a stable (ba)8-

barrel-like fold, with an extra b strand inside the barrel: a (b9a8)-barrel. Further mutation at the interface could remove this extra b strand to make a

more natural (ba)8-barrel [24�,25].
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enzymes, one of only three they studied was almost twice

as active on the clinically important antibiotic cefotaxime

as the most active parent.

Focused chimeragenesis that targets structural elements

in a substrate binding pocket could help transfer a cat-

alytic activity from an enzyme that is difficult to express

or manipulate into a more amenable fold. For example,

Chen et al. transferred short peptide sequences (three to

six amino acid residues) in the substrate recognition

pocket of the Diploptera punctate (cockroach) cytochrome

P450 CYP4C7 into the well-studied cytochrome P450

BM3 [35]. They reported that the chimeras exhibited

increased activity on farnesol and decreased activity on

fatty acids, as well as different hydroxylation and epox-

idation products from farnesol. Similarly, Campbell et al.
replaced three substrate-binding loops from Pyrococcus
furiosus alcohol dehydrogenase D with those from a

human aldose reductase homolog [36]. The resulting

chimera retained the extreme thermostability of its ther-

mophilic parent, but also gained the human parent’s

activity on glyceraldehyde and bias toward using

NADP(H) as cofactor.

Van Beek et al. swapped a substrate-binding subdomain

of thermostable phenylacetone monooxygenase (PAMO)

with corresponding elements from homologs that accept a

broader range of substrates, a cyclohexanone monooxy-

genase (CHMO) and a steroid monooxygenase (STMO)

[38�]. These Baeyer–Villiger monooxygenases (BVMOs)

are potential industrial biocatalysts. The resulting two

chimeras were more stable than the parents CHMO and

STMO and exhibited broad substrate ranges, with higher

activity and enantioselectivity than their parents on

selected substrates.

In a more library-based approach, Jones shuffled six loop

regions from serine proteases of the subtilisin family into

a Savinase framework [37]. The loops were selected for

their known functional importance in substrate binding,

metal ion binding, and catalysis. He found chimeric

proteases with increased activity on and specificity toward

each of four tested colorimetric peptide substrates, in-

cluding two substrates that Savinase hydrolyzes poorly.

Optogenetic properties

Optogenetics enables researchers to control individual

neurons by light activation of heterologously expressed

microbial opsins [39]. This technology provides an unpre-

cedented ability to control and interrogate neuronal beha-

vior; however, it is constrained by the photocurrent

characteristics of the available opsins. These character-

istics include activation wavelength and kinetics, and ion

permeability. Recent studies have shown that these

properties can be tuned by recombination of homologous

opsins. Chlamydomonas reinhardtii channelrhodopsin-2

(ChR2) is commonly used for membrane depolarization

in optogenetics [40]. The photocurrent of its paralog

channelrhodopsin-1 (ChR1) is too low to depolarize

neurons. However, ChR1 has the advantage of having

maximal activation at a lower light frequency, lower

desensitization after stimulus, and faster on/off kinetics.

Wang et al. looked for structural determinants of these

properties by making single crossover chimeras between

906 Synthetic biology
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Thermostability contributions of recombined blocks. Heinzelman et al. made a chimera library of class I cellobiohydrolases (CBHI), with parent

enzymes from T. emersonii, C. thermophilum, T. aurantiacus, H. jecorina, and A. thermophilum. Recombination sites chosen by SCHEMA generated

the blocks shown in different colors on the T. emersonii CBHI structure (left). Individual blocks make different contributions to thermostability when

introduced into T. emersonii CBHI (right). Thermostabilizing blocks were combined to make thermostable chimeras.

Modified from Ref. [14].
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ChR2 and ChR1, targeting loops between predicted alpha

helices. They found that the wavelength activation pro-

files as well as the desensitization profiles of the chimeras

were intermediate between the two parents. Most of this

variation was found to come from the fifth transmembrane

helix, particularly the Y226(ChR1)/N187(ChR2) site.

Two chimeras that were similar to ChR2 but with

improved properties were found: one had broader acti-

vation wavelength sensitivity and lower desensitization,

and one had very fast on and off kinetics and small

desensitization. Li et al. and Wen et al. also found similar

results when they recombined ChR2 and ChR1 [41,42].

To create a red-shifted opsin for combinatorial control of

neuron activation, Yizhar et al. recombined ChR2 and

Channelrhodopsin-1 from Volvox carteri (VChR1), which

was known to have a redshift of over 70 nm compared to

ChR2 but also low expression and weak photocurrents

[39]. Yizhar et al. made single crossover recombinants of

VChR1 and ChR1and measured expression and photo-

current in HEK cells. By replacing the first two alpha

helices of VChR1 by the corresponding ones from ChR1,

they were able to increase VChR1 expression and photo-

current while retaining its large redshift. Interestingly,

this chimera had a slower deactivation rate than either

parent, a property that is not optimal for control of

neurons. However, this rate could be improved by intro-

ducing two mutations known to improve deactivation rate

in ChR2. With this new chimeric opsin, Yizhar et al. were

able to explore neuronal control of social behavior in

mice.

Modeling and predicting desired chimeras
The ability to identify the sequences of the most desir-

able chimeras in a given family using data modeling

approaches contributes greatly to the utility of recombi-

nation as a protein engineering tool. Recent experiments

have shown that researchers can design and construct a

small sample set of chimera sequences (perhaps only a

few dozen), characterize their properties, and use the

data to predict the chimera family members that have the

most desirable property profiles. This approach makes

great use of rapid, inexpensive gene synthesis to

make highly informative sample sets and test predicted

chimeras.

The large-scale ‘recombinational fitness landscape’ [8] is

characterized by a high degree of additivity that correlates

with mutations being in conserved parental structural

contexts (as opposed to new interfaces generated by

recombination), which is exactly what SCHEMA recom-

bination attempts to maximize. That the landscape is

largely additive means that relatively simple models can

be used to build sequence-function models and predict

the properties of chimeras that have not yet been tested.

Linear regression can be used, for example, to predict

highly stable chimeras from small sample data sets from

SCHEMA and noncontiguous recombination libraries

[43]. This approach has generated a variety of stable,

active enzymes [10,12–16,23].

Modeling by linear regression requires a relatively small

sample set because chimera sequences are much reduced

compared to the whole protein (chimera sequences are

described at the block rather than amino acid level).

However, the contributions of individual mutations can-

not be identified unless they are made separately, as

Heinzelman et al. did to uncover a single highly stabiliz-

ing mutation in a fungal cellobiohydrolase II block [13].

Romero et al. [9�] recently used a new class of Bayesian

machine-learning tools called Gaussian processes to

sample and model the fitness landscape. Their methods

can be used to both design maximally informative sample

sets and predict improved sequences. With a structure-

based kernel function to describe how sequences are

expected to co-vary (i.e. it does not assume simple addi-

tivity, but includes pair-wise interactions between resi-

dues), their methods can be used to investigate the

contributions of individual mutations and also combine

chimera data with information on single mutations.

Romero and coworkers found good predictive ability

for cytochrome P450 thermostability, catalytic activity

on non-native substrates, and ligand binding affinity.

Moreover, the model was able to predict the thermo-

stabilities of cytochrome P450s that had mutations not

present in the chimera library, and also predicted a new

cytochrome P450 variant that was more thermostable than

any previously engineered variant.

How transferrable is information gained from one chimera

library to another? Buske et al. developed a predictive

model based on support vector machine learning [11].

When trained on data from a SCHEMA library generated

by recombining three bacterial cytochrome P450s, their

model could predict the properties of sequences gener-

ated by DNA shuffling of human P450s.

Conclusions
Adaptation requires variation. Homologous mutations

have passed the test of natural selection for compatibility

with parental fold and function, and new combinations of

homologous substitutions can generate new functional

diversity. A growing body of experimental data attests to

this dual conservative and innovative nature of recombi-

nation. The reduced size and overall additive structure of

the recombinational fitness landscape, at least for some

properties, make it amenable to searches using machine

learning. Making use of the information already inherent

in the products of evolution by natural evolution, recom-

bination is a useful tool for protein engineering and

promises further insights into the sequence and structure

determinants of protein function.
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